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Abstract Polymer additives are used to improve the
properties of road bitumens including their oxidative
resistance. However, their usage as anti-oxidative
materials remains relatively unclear. This study aims
to investigate the changes in the morphology and the
rheological response of polymer modified bitumens
used in road pavement construction caused by ageing.
An elastomer (radial styrene butadiene styrene, SBS)
and a plastomer (ethyl vinyl acetate, EVA) polymer
were mixed with one base bitumen at three polymer
concentrations. The bitumens were RTFO and PAV
aged. The morphology of the bitumens was captured
by fluorescence microscopy while the rheological
properties were measured by means of the multiple
stress creep and recovery (MSCR) test. The results
show that the morphology of the SBS modified
bitumen degrades with ageing as a function of polymer
concentration and dispersion, with higher dispersion
being more resistant. The morphology of the EVA
modified bitumen has a low ageing susceptibility
irrespective of polymer concentration. The MSCR
response of EVA modified bitumens does not differ
from that found for unmodified bitumen, where the
hardening produces a decrease in the non-recoverable
compliance. In the case of SBS modified bitumen, the
degradation of the polymer backbone affects the
bitumen hardening as much as the polymer phase
dispersed and networked in the bitumen phase.
Furthermore, in the case of the elastomer, the average
percent recovery is in agreement with the variation of
the morphology with ageing. Therefore, the use of the
average percent recovery as a valuable rheological
index of the integrity of the polymer network can be
advocated.
Keywords Polymer-modified bitumen  Ageing 
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1 Introduction
In the past few decades, the demand for transportation
has increased significantly and road infrastructure is
currently challenged by increased traffic. In order to
address such challenges, several technologies have
been developed to improve the performance of the
materials used in road applications. For instance, the
modification of bituminous binders with polymeric
additives is not recent but represents one of the most
successful technologies developed to enhance the
performances of asphalt mixtures [1–3].
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The quality of the modification represents the
capability of the polymer to improve the performance
of the bitumen when added in small quantities.
Specifically, polymer modification aims to stiffen the
bitumen and to increase its elasticity at high pavement
temperatures; to decrease the temperature susceptibil-
ity; to maintain sufficient levels of workability during
mix production and laying, and to provide lower levels
of stiffness at intermediate and low pavement tem-
peratures. In addition to these modifications, polymer-
modified bitumens (PMBs) should be stable at storage
and ageing resistant [4]. However, such properties
need to be considered as the macroscopic result of
complex thermodynamic and chemical interactions
occurring between the bitumen and the polymer. In
particular, the success of the modification depends on
the capability of the polymer swelling in the bitumi-
nous phase by absorbing the bituminous fractions and
thereby having higher compatibility, and in the
meanwhile, maintaining its own structure. Such con-
ditions occur with an adequate degree of swelling and
solubility of the polymer within the bitumen phase [5].
In this case, the polymer is capable of forming a
stable networked structure able to enhance the
response of the bitumen. Concerning the affinity, the
lighter components of the bitumen appear to be more
compatible than the heavier molecules.
Several polymeric additives are available on the
worldwide market and they can be classified according
to their chemical composition or the target bitumen
property. However, two types of polymer are mainly
used in bitumen applications: the elastomers that resist
deformation by stretching and recovering their shape,
and the plastomers that resist deformation by forming
a 3-D rigid network. Among the elastomers, the
styrene–butadiene–styrene (SBS) block copolymer
appears to be the most widely used followed by
reclaimed tire. On the other side, among the plas-
tomers, ethyl vinyl acetate (EVA) and Polyethylene
are used [6, 7].
Although the response of polymer-modified bitu-
mens has been investigated worldwide [1, 5, 8–16],
there are still open questions, drawbacks and concerns.
In particular, besides the limitations related to cost and
the storage stability, there are concerns about the
applicability of the linear viscoelastic (LVE) charac-
terization for the development of dedicated specifica-
tions to assess fatigue cracking and rutting resistance
[2, 17]. The Superpave binder specifications
(AASHTO MP1) were developed on unmodified
bitumen considering that the pavements would have
been designed to maintain the strain levels within the
linear regime. Furthermore, several characteristics of
polymer-modified bitumen were neglected
[2, 4, 8, 17, 18]. One of the main concerns is that the
low strain levels considered in the LVE characteriza-
tion do not consider the stress–strain dependency of
the response of PMBs, and it may provide a poor
correlation with mixtures performances. The strain
dependency of polymers is given by the fact that when
their chains are extended, glassy or crystalline regions
and chain entanglement can produce the distortion of
the morphology with a consequent change in the
physical response [17]. Furthermore, results from
mixtures testing, digital image processing, and finite
element modelling, have shown that the strain level in
the bitumen phase could approach very high strain
levels even at low strain levels in the mixtures. Such a
difference in the strain level between the mixture and
the bitumen phase seems to be caused by a large
difference in stiffness between bitumen and aggre-
gates, by localized rotations of aggregates, and by the
non-homogeneous distribution of the bitumen film
coating the aggregates [8, 19–21].
Besides the enhancement of the mechanical
response, part of these additives, including the elas-
tomers, are used by road agencies as anti-oxidative
products [2]. However, the effect of polymers on the
oxidative mechanisms occurring in PMBs remains
relatively unclear and can be considered to be
polymer-dependent.
The study of ageing in bitumen encompasses
primarily two approaches: the investigation of the
chemical changing in the bitumen composition caused
by oxidation (microscopic level), and the consequent
variations in the mechanical response (macroscopic
level). The evaluation of the compositional changes
includes different indicators such as the formation of
carbonyl compounds measured through fourier infra-
red spectroscopy (FTIR) [7, 22–28], the variation of
the molecular weight distribution of both the polymer
and the bitumen phases measured through gel perme-
ation chromatography (GPC) [25, 29], and the forma-
tion of asphaltenes [30–32]. Additionally, alternative
approaches such as the use of fluorescence microscopy
[33, 34] and the more recent atomic force microscope
[35], provide respectively information on the changes
in the morphology and in the microstructure of the
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bitumen. On the other hand, the effect of ageing on the
mechanical response is based on ageing indexes that
can be measured through empirical parameters (e.g.,
softening point) and rheological parameters (e.g.,
viscosity, complex modulus, phase angle) at different
ageing conditions [36–39].
In the case of unmodified bitumen, the mechanism
of oxidation appears to be relatively clear. At the
microscopic level, it can be seen as the diffusion of
oxygen through a thin film of bitumen producing the
formation of oxygen-containing functional groups
(i.e., carbonyl compounds) with strong interactive
forces. The presence of these forces drives the
formation of heavy molecular compounds, polar in
nature and characterized by stronger molecular inter-
actions that cause a reduction in the molecular
mobility under shear stress [40–45]. At the macro-
scopic level, such a reduced molecular mobility
reduces the strain tolerance of the bitumen, increasing
the risk of premature fatigue and/or low-temperature
cracking.
In the case of PMBs, although the study of the effect
of polymers on bitumen oxidation is not recent [46],
the complexity of the interactions between polymer
and bitumen does not allow a relatively well defined
conclusion [7, 22–39, 47–52]. Results from composi-
tional analysis and dynamic mechanical analysis
(DMA) show that for PMBs the definition of a unique
ageing mechanism could be inaccurate since the effect
of the oxidative processes is polymer-dependent.
Nevertheless, general assessments for some polymers
can be provided. For instance, it appears that the
presence of the SBS reduces in some cases the
formation of carbonyl compounds and sulfoxide with
the consequent reduction in the formation of strong
interactive polar functional groups [53]. Besides this,
the analysis of the molecular weight distribution
shows that the SBS polymer undergoes degradation
due to thermo-oxidative processes. Such changes are
reflected in the rheological response of the PMBwhere
the deterioration of the polymer induces a more
viscous response that might mitigate the hardening of
the bitumen phase.
However, as per the considerations included above,
the linear viscoelastic characterization of modified
bitumen might not be indicative of the effective
contribution of the polymer on the PMB response
since at low strain levels, the polymer chains do not
show any slippage or change in morphology. In fact,
although the degradation of the polymer backbone
could mitigate the hardening of the bitumen in terms
of complex modulus and viscosity, the effect of such
degradation on the expected polymer contribution
measured at higher strain levels and under a higher
number of loading cycles remains unclear [50–52].
Therefore, the assessment of the durability of PMBs
should be conducted considering the simultaneous
effect of strain levels (high enough to cause slippage in
the polymer chains) and ageing.
The aim of this paper is to investigate the ageing in
PMBs, trying to identify what changes occur in the
polymer network and which are the effects on the
rheological response measured at high strain levels. To
achieve this aim, images from fluorescence micro-
scopy are used to provide rational indicators on how
the polymer network changes with ageing. Specifi-
cally, the analysis of the morphology aims to provide a
qualitative assessment of the effect of ageing on the
polymer dispersed in the bituminous phase.
In order to investigate the effects of ageing on the
mechanical response of PMBs measured at strain
levels higher than those considered in the LVE
characterization, the multiple stress creep and recov-
ery (MSCR) test, conducted as per the AASHTO
T-350, has been used. In particular, this test aims to
identify the effect of laboratory simulated ageing
processes on the change in the non-recoverable
compliance (Jnr) and on the average percent recovery
(R), both measured at a stress level of 3.2 kPa.
Although the magnitude of this stress level may not
guarantee response in the non-linear region in some
cases, in this study it has been selected for two specific
reasons. The first is due to the fact that 3.2 kPa is used
as the reference stress level in the current specifica-
tions of the MSCR test (AASHTOM332). The second
is because at such stress levels many PMBs show
slippage of polymer chains in the test [17]. Although
the relations between bitumen elasticity and mixture
performance are not fully understood, the use of
average percent recovery (%R) as a quality indicator
of the polymer efficiency and mixture durability can
be advocated [54, 55]. The elasticity of rubber can be
defined as the capacity of complete large deformation
recover. This property is a function of molecular
requirements such as the flexibility of polymer chains
and the presence of a structured network. In the case of
PMBs, the formation of this network depends on
several factors such as the polymer concentration, the
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blending process, the use of stabilizing cross-linkers,
and the affinity between polymer and bitumen.
Therefore, the capacity of this network to resist the
effect of thermo-oxidative ageing processes could be
evaluated through its capacity of maintaining the
strain recovery at different levels of ageing.
2 Experimental methodology
2.1 Test methods
2.1.1 Laboratory simulated ageing
The bitumens were laboratory short-term aged in the
rolling thin film oven (RTFO) and long-term aged in
the pressure ageing vessel (PAV) by following the
AASHTO R28. Besides the PAV exposure of 20 h (1
PAV) prescribed by the standard, different levels of
long-term ageing were simulated by using different
times of PAV exposure (i.e. 10 h referred to as 0.5
PAV and 40 h referred to as 2 PAV) at 100 C.
2.1.2 Fluorescence microscopy
A Leica DM LB fluorescence microscope was used
to capture images of the PMB morphology at 10 9
magnification. Although the morphology provides a
qualitative description of the polymer dispersion
within the bituminous phase, its analysis provides
information on the affinity between the polymer and
the bitumen. Furthermore, the changing in the polymer
dispersion with ageing can provide a qualitative
description of the degradation of the polymer network
to justify the variation in the percent recovery and Jnr
measured in the MSCR.
In the sample preparation, stripes of bitumen of
about 10 mm 9 50 mm 9 2 mm are refrigerated for
10 h to freeze the morphology. After that, the stripes
are cut (brittle cracked) in the middle so as not to affect
the morphology. The surface corresponding to the
crack is attached to the glass used in the microscope.
To obtain representative images, 9 surfaces per
bitumen were prepared for observation under the
microscope.
2.1.3 Multiple stress creep and recovery (MSCR)
The MSCR was conducted as per AASHTO T-350.
The test was conducted at two stress levels: 0.1 kPa
and 3.2 kPa. At each stress level, 10 creep and
recovery cycles were applied. The values of Jnr and
R were calculated at each loading cycle and then
averaged at each stress level.
The non-recoverable compliance (Jnr) at the n-
cycle was calculated using Eq. (1).
Jnnr kPa
1  ¼ e
n
r  en0
s0
ð1Þ
where enr is the strain value at the end of the recovery
phase; en0 is the initial strain value at the beginning of
the creep portion; s0 is the value of the stress level used
in the loading cycle.
The percent recovery (R) at the n-cycle was
calculated using Eq. (2).
Rn %ð Þ ¼ e
n
c  enr
enc  en0
ð2Þ
where enc is the strain value at the end of the creep
portion.
According to AASHTO M 332, the traffic desig-
nation is determined as a function of average Jnr value
calculated at the stress level of 3.2 kPa. Therefore, the
results incorporated in this paper refer to the stress
level of 3.2 kPa.
The Jnr (measured at 3.2 kPa) is considered as an
indicator of the susceptibility of the bitumen to the
accumulation of permanent deformation measured at
higher strain levels than those used in the LVE
analysis. It is known that MSCR is conducted to assess
the bitumen’s potential for accumulation of permanent
deformation that typically occurs at an early stage in
the pavement life. Therefore, the use of this test on
long-term aged bitumen might not be representative of
pavement field conditions. However, according to
AASHTO M 332, the MSCR test is conducted on the
RTFO residue only. As a consequence, the traffic
designations (i.e., Standard—S, Hard—H, Extreme—
E and Very Extreme—V) are measured on a single
level of ageing and the combined effects of polymer
degradation and bitumen hardening using this classi-
fication are not documented. The MSCR test was
conducted as per the AASHTO specifications for the
sake of consistency with the standards used for the
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PAV ageing (AASHTO R 28) and PG-grading
(AASHTO M 320).
The testing temperatures (given in Fig. 3) were
selected as the temperature at which the parameterG*/
sin d measured on the RTFO residue is equal to
2.20 kPa (defined as Continuous Grade High Tem-
perature). This criterion was selected to compare the
different bitumen at relatively similar levels of
stiffness after short-term ageing. It is worth mention-
ing that according to AASHTO M 332, the traffic
designation should be measured at the Performance
Grade temperature and not at the Continuous Grade
High Temperature. However, the traffic designation is
included to provide a synthetic indicator of the change
in the resistance to the accumulation of permanent
deformation and not for grading purposes.
3 Materials
Six PMBs were produced by mixing the control
bitumen Penetration grade (Pen) 70–100 with two
types of polymer: an elastomer (SBS—polystyrene
content 29–31%) and a plastomer (EVA—28% by
weight vinyl acetate). For each polymer, three con-
centrations by weight were used: 2% (medium–low
content), 4% (high content) and 6% (very high
content). In the case of modification with SBS, organic
sulphur was used in a concentration of 0.1% with
respect to the polymer ? bitumen weight as a stabi-
lizer. The high-temperature continuous grade (HT-
PG) of each bitumen was measured as per the
AASHTO M320 Designation.
The job-mix formula and the high-temperature
continuous grades are given in Table 1.
As shown by the continuous grade temperatures,
the SBS seems to be more effective than the EVA in
providing the high-temperature bump grade. This is
not surprising since the SBS works as an elastomer
capable of providing adequate levels of stiffness and
elasticity at high temperatures. On the other hand, the
EVA is a plastomer that provides stiffening effects in
the range of temperatures below its melting point
without necessarily providing any further elastic
recovery. The melting point of the EVA used in this
study is 74 C. As shown by the results in Table 1,
since the grading temperatures are close to the melting
point of the polymer, the stiffening effect of the EVA
is limited irrespective of the polymer concentration.
However, this aspect is not of concern since this work
aims to compare the effect of ageing on different
polymers at the same concentration but not the same
High-Temperature PG grade.
4 Results and discussion
This section includes the description of the morphol-
ogy of the bitumens at different levels of ageing and
the results of the MSCR test.
4.1 Fluorescence microscopy
The morphologies of the PMB after modification are
considered as a reference in their unaged condition and
are shown in Fig. 1.
Table 1 Bitumen modification methods
Bitumen Base
bitumen
Polymer concentration
(%)
Chemical
stabilizer
Mixing temperature
(C)
Mixing time
(min)
HT-PG
(C)
Pen
70-100
– – – – – 64.3
SBS 2 Pen 70-100 2 0.1% S 180 180 69.2
SBS 4 4 0.1% S 180 180 74.8
SBS 6 6 0.1% S 180 180 86.7
EVA 2 2 – 180 120 66.2
EVA 4 4 – 180 120 69.6
EVA 6 6 – 180 120 70.5
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The SBS and EVA polymers show different
morphologies. As shown in Fig. 1b, d, f, the EVA
remains dispersed within the bituminous phase as
disconnected spherical droplets irrespective of the
polymer concentration. However, at 2% EVA
(Fig. 1b) such droplets do not have the same disper-
sion as the other two levels. The spherical shape of the
droplets indicates somehow a low compatibility with
the base bitumen since the sphere is the shape with the
lowest specific surface. In other words, this shape
minimizes the interface, and thus the interactions,
between the two phases. In light of this, the polymer
and the bitumen phases, although coexisting, remain
separated without forming any network. In addition,
the spherical shape of the polymer might reduce the
surface of the polymer exposed to oxygen diffusion
during oxidation. However, the lack of formation of a
true polymer network correlates with the mechanical
response of EVA modified bitumen in which the
polymer behaves as a reinforcement only without
necessarily increasing the elasticity of the bitumen.
The morphology of the SBS modified bitumens
(Fig. 1a, c, e) depends on the polymer concentration.
At 2% SBS (Fig. 1a), the polymer is not capable of
forming a visible interconnected network and the
particles remain dispersed within the bituminous
phase. At 4% and 6% SBS (Fig. 1b, c), the polymer
forms a structured network throughout the bituminous
phase becoming the dominant phase. The formation of
this network is clearer at 6% SBS (Fig. 1c). This
network is constituted of elongated interconnected
branches, revealing an adequate level of affinity with
the base bitumen, but, on the other hand, the wider
polymer surface is exposed to oxygen diffusion. Aside
from the polymer concentration, the formation of the
polymer network is enhanced by the use of sulphur as a
cross-linker.
The figures below show the morphology of the SBS
modified bitumens after laboratory simulated ageing
(Fig. 2). The RTFO-aged (Fig. 2a–c) condition is
representative of the morphology after short-term
ageing, whereas the PAV aged conditions (Fig. 2d–f)
are representative of the residual morphology at a high
level of oxidation.
The effect of ageing on the morphology of the SBS
modified bitumen depends on the concentration. At
2% SBS the polymer phase seems to completely
degrade after RTFO ageing (Fig. 2a). Similarly, the
(a) SBS 2 (b) EVA 2
(c) SBS 4 (d) - EVA 4
(e) SBS 6 (f) EVA 6
100μ 100μ
100μ 100μ
100μ100μ
Fig. 1 Morphology of polymer modified bitumen after modi-
fication (10 9 magnification)
(a) SBS 2 - RTFO (d) SBS 2 -PAV
(b) SBS 4 - RTFO (e) SBS 4 - PAV
(c) SBS 6 - RTFO (f) SBS 6 - PAV
100μ
100μ
100μ
100μ
100μ 100μ
Fig. 2 Residual morphology of SBS modified bitumen at
different levels of ageing (10 9 magnification)
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morphology of the 4% SBS bitumen after RTFO
(Fig. 2b) is different from the morphology shown after
modification (Fig. 1c). After RTFO, the branched
structure dissolves in a dispersion of thin particles
(Fig. 2b). The polymer phase then disappears after a
single PAV cycle (Fig. 2e).
In the case of the 6% SBS bitumen, the morphology
after RTFO (Fig. 2c) does not show any relevant
variation compared to the unaged conditions (Fig. 1f).
However, this aspect does not necessarily mean that at
high polymer concentration, the polymer network is
not sensitive to short-term ageing, but could be linked
to the effect of the bitumen viscosity during the ageing
tests. The viscosity of the 6% SBS modified bitumen
RTFO-aged at 163 C (RTFO temperature) was
1.4 Pa s. This value could be high enough to cause
the bitumen to form a thin film in the RTFO bottle with
a consequent reduction of the RTFO effects. Nonethe-
less, as per the images shown in Fig. 2f, it is clear that
the oxidative processes in the PAV cause the degra-
dation of the SBS network. It is well known that SBS
shows a reactivity with oxygen due to the presence of
unsaturated C=C double bonds in the Polybutadiene
blocks [25, 26, 28]. Although the polymer degrades
with oxidation, the polymer phase is still visible in the
morphology after 1 cycle of PAV ageing (Fig. 2f).
However, at 6% SBS concentration, the effect of the
PAV ageing might be mitigated by the ‘‘viscosity
effect’’ at the PAV temperature, typical of polymer-
modified binders [56].
The morphology of the EVA modified bitumens
does not seem to be significantly affected by both the
RTFO and the PAV ageing. At 2% polymer concen-
tration, the polymer particles remain dispersed as
small spherical droplets distributed within the bitumi-
nous phase even at high levels of ageing. Such
morphology does not seem to differ significantly from
the unaged conditions (Fig. 1b). Also at 4% and 6%
polymer concentration, the morphology constituted of
sparsely dispersed particles does not vary with ageing
remaining similar to the morphologies observed in
Fig. 1d, e. The lower sensitivity of this polymer to
oxidation compared to the SBS, is due to the absence
of C=C bonds in the chain which makes the EVA less
prone to react with the oxygen molecules.
4.2 MSCR—analysis of Jnr values
The values of the Jnr at the stress level of 3.2 kPa
measured at the high continuous grade temperature are
given in Fig. 3.
The non-recoverable compliance of the Pen bitu-
men decreases with ageing. This result is not surpris-
ing since the stiffening effect of ageing on unmodified
bitumen is well known. The variation of the Jnr value
with the ageing of the SBSmodified bitumens depends
clearly on the polymer concentration. In the case of
SBS 2, the Jnr decreases with ageing as seen as for the
Pen bitumen. The traffic designation varies from an
S-grade at the unaged condition, to a V-grade after 2
cycles of PAV. At 4% SBS concentration, the Jnr
increases after RTFO ageing and then it remains
relatively constant throughout the oxidative processes
in the PAV. This concentration seems to represent a
sort of optimum polymer content that minimizes the
oxidative susceptibility of the modified bitumen. In
fact, the Jnr values at the different PAV exposure times
do not show a significant variation, with the traffic
designation remaining constant.
The SBS 6 bitumen shows an inverse behaviour
compared to the Pen and the SBS 2 bitumens. In this
case, the Jnr increases with ageing with the traffic
designation varying from a V-grade, at unaged
conditions, to an S-grade after 2 cycles of PAV. The
majority of the degradation occurs in the PAV, with
the RTFO producing a marginal effect only. The
behaviour may be related to the high viscosity of the
bitumen at the RTFO temperature. Therefore, at the
selected testing conditions, the different SBS concen-
trations produce different variations of Jnr with ageing.
Such differences might depend on the level of polymer
dispersion in the bituminous phase and on its capabil-
ity of forming a dominant network. In the case of the
medium–low polymer concentration (2% SBS), as
shown in Fig. 1a, the polymer phase is not dominant
with respect to the bituminous phase. Therefore,
although the polymer undergoes degradation with
ageing, the loss of its properties only marginally
affects the response of the binder that appears to be
governed more by the bituminous phase stiffened by
ageing. At higher polymer concentration (4% SBS),
the response of the modified bitumen at the different
levels of ageing seems to be determined by both the
processes occurring in the biphasic material. Except
for an initial worsening of the response after the
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RTFO, the degradation of the polymer phase, that is
initially well dispersed in the bitumen (Fig. 1c), seems
to compensate the stiffening of the bituminous phase
maintaining constant Jnr values through ageing.
However, asides from the degradation, the polymer
might mitigate the stiffening of the bitumen phase by
acting as an anti-oxidant and preventing the Jnr from
increasing at higher levels. At 6% SBS concentration
and under the selected testing temperatures, the effect
of the polymer network (Fig. 1e) on the response of
the modified bitumen seems to become dominant
compared to the bituminous phase. Although the
bitumen phase becomes stiffer with ageing, the
degradation of the polymer network provides a more
relevant effect on the response under loading causing
the increase of the Jnr value.
Based on these results, it seems that the more the
polymer network is dispersed in the bitumen phase, the
more its degradation can compensate the stiffening of
the bitumen phase. It is important to refer to the
formation of the polymer network and not to the
polymer concentration only. In fact, results of the
MSCR test conducted on a 6% SBS and a 4% SBS
modified bitumen, without the cross-linker, exhibit a
different trend of the Jnr value with ageing (Fig. 3). In
this case, the MSCR test was conducted at the
continuous grade temperatures of the bitumens with
the same polymer concentrations modified with Sul-
phur (6%SBS—87 C; 4%SBS—75 C).
On the other hand, the results in Fig. 3 demonstrate
that the EVA does not enhance the traffic designation
of the binder irrespective of the polymer concentra-
tion. Furthermore, the increase in the testing temper-
ature caused by the stiffening effect of the polymer
produces a higher Jnr value compared to the unmod-
ified bitumen. However, with this polymer, the
variation of the Jnr values at the different levels of
ageing does not seem to be affected by the polymer or
polymer content with the Jnr values decreasing with
ageing. The Jnr values with the ageing of the EVA
modified bitumens does not show any deviation from
the trend shown by the Pen bitumen. However, the
morphologies of EVA remain unvaried from the
unaged conditions through to the different levels of
ageing. This aspect highlights that the polymer
dispersion is not affected by the thermo-oxidative
Pen 70-
100
(T=64°C)
SBS 2
(T=70°C)
SBS 4
(T=75°C)
SBS 6
(T=87°C)
4% SBS no
S (T=75°C)
6% SBS no
S (T=87°C)
EVA 2
(T=66°C)
EVA 4
(T=70°C)
EVA 6
(T=70°C)
Unaged 6.3 4.9 0.1 0.6 2.5 6.3 9.1 13.2 12.4
RTFO 3.9 3.5 1.8 0.8 3.7 8.2 4.7 6.4 7.6
05PAV (10 h) 2.2 2.2 1.5 1.1
1PAV (20 h) 1.7 1.8 1.4 1.9 1.9 3.9 1.6 2.8 2.7
2PAV (40 h) 0.8 0.8 1.4 2.6 0.8 1.5 0.9
E
V
S
S
S
H
V
S
S S
H
H
H H H
H H
S
H
S S
V V
H
S
V
H
V
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
Jn
r@
3.
2 
[k
Pa
 -1 ]
Fig. 3 Jnr @ 3.2 kPa (kPa
-1) measured at high continuous grade temperature [AASHTO M 332 traffic designation: S—Standard
(Jnr max = 4.5 kPa
-1); H—Heavy (Jnr max = 2 kPa
-1); V—Very Heavy (Jnr max = 1 kPa
-1); E—Extreme (Jnr max = 0.5 kPa
-1)]
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processes occurring in the RTFO and in the PAV. Such
a reduced degradation indicates a low oxidative
susceptibility of the polymer. Nevertheless, although
the polymer does not deteriorate, it does not seem to
provide any remarkable contribution to mitigating the
stiffening effect of ageing on the bituminous phase
measured as per the Jnr values. This is not surprising,
considering the low interactions evidenced by fluo-
rescence microscopy.
4.3 MSCR—analysis of average percent recovery
(%R)
Besides the non-recoverable compliance, the average
percent recovery (R) has been used to assess the effect
of ageing on the elasticity of the polymer network
since it represents a qualitative indicator to determine
the presence of elastomers (AASHTO TP 70). The
variation of percent recovery at the 3.2 kPa stress level
of the SBS and EVA modified bitumens are given in
Fig. 4.
The Pen bitumen does not show any relevant level
of percent recovery even at very high levels of
oxidation. On the other hand, the presence of the
SBS polymer increases the elasticity of the bitumen as
a function of the polymer concentration:
• The 2% SBS concentration produces a marginal
increase in elasticity with respect to the
unmodified bitumen irrespective of the level of
ageing. In this case, the lack of formation of the
polymer network after modification might be the
cause of a limited increase in elasticity at the
testing temperature.
• The SBS 4 bitumen shows an important increase in
elasticity compared to the unmodified bitumen
(R = 95% at unaged conditions). Besides this, it is
interesting to show how the RTFO reduces the
%R value by more than 50% from its initial value.
Such a loss in recovery depends on the degradation
of the polymer network shown in Fig. 2b. After-
wards, although the oxidative process occurring in
the PAV seems to deteriorate the polymer network
(Fig. 2e), the SBS 4 bitumen exhibits a limited
reduction in recovery within the 1st cycle of PAV
(- 8%). This result is consistent with the trend of
the Jnr values. Then, after the second cycle of PAV,
the polymer network loses its residual elasticity
and the value of the percent recovery drops to 18%.
• The SBS 6 bitumen shows, at the unaged condi-
tion, a lower value of recovery compared to the
SBS 4. The reason behind this, could be the higher
testing temperature selected for this bitumen. In
this case, the loss in recovery starts with the
oxidative process in the PAV while the RTFO
produces a negligible effect only. It is interesting
to observe how the polymer morphology correlates
Unaged RTFO 05PAV (10 h) 1PAV (20 h) 2PAV (40 h)
Pen 70-100 5 4 2 1 3
SBS 2 15 13 9 8 13
SBS 4 95 46 41 38 18
SBS 6 73 73 63 40 11
EVA 2 6 3 0 1 7
EVA 4 7 4 0 1 6
EVA 6 6 4 0 1 12
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Fig. 4 %R @ 3.2 kPa (%) measured at high continuous grade temperature
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well with the value of the percent recovery. At the
same value of percent recovery, the morphology of
the SBS 6 bitumen at the unaged condition
(Fig. 1e) is identical to the morphology at the
RTFO aged condition (Fig. 2c).
As expected, the EVA polymer does not produce
any relevant increase in the bitumen elasticity irre-
spective of the polymer concentration. However, at
very high oxidative levels (2 PAV aged bitumen), the
percent recovery seems to increase proportionally to
the EVA content. Such a gain in recovery, although
limited, might be attributed to the EVA concentration
at this very high oxidative state. However, such
considerations need to be taken at the interpretative
level only, since the difference between the percent
recovery of the Pen bitumen and the EVA modified
bitumens is not remarkable. As seen as for the Jnr
values, it can be concluded through the measure of the
percent recovery that, although its morphology
remains consistent throughout ageing, the EVA poly-
mer does not alter the ageing behaviour of the base
bitumen.
5 Conclusions
Six polymer-modified bitumens were prepared by
mixing a Pen 70-100 base bitumen with three
concentrations of two polymers: an elastomer (radial
SBS—polystyrene content 29–31%), and a plastomer
(EVA—28% by weight vinyl acetate). The bitumens
were laboratory-aged combining the RTFO and
different times of PAV exposure.
The images from the fluorescence microscope were
used to support the findings from the MSCR test. The
use of fluorescent microscopy provides a qualitative
estimation of the degradation of the morphology with
ageing. The Multiple Stress Creep and Recovery
(MSCR) test was performed to evaluate the effect of
the thermo-oxidative degradation of the polymer
network on the non-recoverable compliance (Jnr) and
the average percent recovery (%R) measured at
3.2 kPa at the continuous grade temperature.
The results and the analysis allow the following
concluding remarks to be drawn:
• Based on the morphology of the EVA modified
bitumens, it seems that polymer does not form a
networked structure in the bituminous phase, but it
remains dispersed as disconnected spherical dro-
plets irrespective of the polymer concentration.
The morphology of the EVA modified bitumens
does not show a significant oxidative susceptibility
with the polymer dispersion remaining unaltered
with ageing irrespective of the polymer
concentration.
• The morphology of the SBS polymer network
degrades with ageing as a function of polymer
concentration and dispersion. The network resis-
tance seems to increase with polymer concentra-
tion and dispersion. However, at very high SBS
content, the high level of viscosity (and possibly of
surface tension) may mitigate the effects of the
RTFO and the PAV ageing.
• A comparative analysis of the morphology of the
SBS and the EVA modified bitumens used in this
study highlights that the two polymers have a
different ageing susceptibility with the EVA being
more resistant than the SBS. However, the ageing
susceptibility of the SBS polymer has been
remarked by other authors.
• The viscoelastic parameters selected from the
MSCR test are non-recoverable compliance (Jnr)
and the percent recovery (R) measured at 3.2 kPa.
• In the case of unmodified bitumen, the stiffen-
ing effect of ageing produces a decrease in the
Jnr strain without any remarkable effects on
elasticity.
• In the EVA modified bitumens, although the
polymer dispersion shows a low oxidative
susceptibility, the polymer does not affect the
reduction in Jnr produced by the stiffening of
the base bitumen.
• In case of SBSmodified bitumens, the more the
polymer phase is dispersed and structured, the
more the polymer (and its degradation) can
mitigate the stiffening of the bitumen. In fact,
at medium–low SBS content (2%), the lack of
formation of a networked structure determines
the variation of the Jnr with ageing follows the
same trend as the unmodified bitumen. At high
SBS content (4%), the degradation of the
polymer compensates the stiffening of the
bitumen, maintaining the Jnr value constant
with oxidation. At very high SBS content (6%),
the polymer network becomes so dominant that
its degradation somehow overcomes the
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bitumen hardening resulting in an increase in
the Jnr value.
• As expected, in the case of elastomers, the
percent recovery is connected with the integ-
rity of the polymer network observed with the
microscope.
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